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Abstract
A novel model of the hybrid converter consisting of a thermionic generator with a graphene-
based anode and a photovoltaic (PV) cell is proposed. The power output densities and
efficiencies of two single subsystems and the hybrid converter are derived. The effects of the
emitter temperature, voltage outputs, and band gap energy on the performance of the hybrid
converter are analyzed. The optimally operating bounds of several critical parameters including
the power output density, efficiency, and voltage outputs of the hybrid converter are determined.
It is found that in the optimally working region, the performance of the hybrid converter with a
graphene-based anode is obviously better than that with a metallic anode. It is also found that in
a certain temperature range, the maximum efficiency and power output density of the hybrid
converter significantly exceed those of the thermionic generator or PV cell.

Keywords: thermionic generator, thermophotovoltaic cell, graphene-based anode, hybrid
converter, performance optimization, parametric design
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Nomenclature Jrpy current density of TPV cell, A cm 2
Ax Richardson-Dushman constant, A cm~2 K? kg Boltzmann constant, J K~
e elementary charge, C k, wave vector of parallel component
E total energy of electrons, eV k, wave vector of normal component
E. cut off energy, eV m mass of an electron, kg
Eq band gap energy, eV P power output density of TIPV conver-
E, parallel energy of electrons, eV ter, W cm 2
E, normal energy of electrons, eV Prig power output density of TIG, W em™—
i forward current density, A cm—2 Prpy power output density of TPV cell, W cm~—2
Jg reverse current density, A cm~> Q. energy flux of electrons, W Cm;z
TG current density of TIG, A cm™2 O energy flux of photons,.W em- B
o' energy flux of photons in TIG, W cm™2
1 T, temperature of emitter, K
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1. temperature of PV cell, K

vy velocity of massless Dirac fermions, cm s~!
vy velocity of massless Dirac fermions, cm s~!
Vi voltage output of TIG, V

V5 voltage output of TPV cell, V

Greek letter

@ work function of collector, eV
@ work function of emitter, eV
i chemical potential, eV

h reduced Planck constant J s

p number of electron states

n efficiency of TIPV converter
N71G efficiency of TIG

Nrpy efficiency of TPV cell
Subscript

max maximum

min minimum

Abbreviation

TIG thermionic generator

TIPV thermionic generator-photovoltaic
TPV thermophotovoltaic

1. Introduction

In order to increase the power output density of thermo-
photovoltaic (TPV) cells, a hybrid thermionic generator-
photovoltaic (TIPV) converter [1] has been established to
replace a single thermionic generator (TIG) or TPV cell. The
TIPV converter combines the TIG and TPV cell into an int-
egral solid-state device. It mainly consists of an emitter, a
collector, and a photovoltaic (PV) cell [1]. The emitter
simultaneously radiates electrons and photons, enabling the
heat transfer to be enhanced and boosting the power output
density of the TIPV converter [1]. Donald et al fabricated a
TIPV device by combining the cesium vapor TIG with silicon
and gallium arsenide PV cell [2]. Robert et al used a com-
bination of dye-sensitized solar cell and TIG to design effi-
cient electric power converters [3]. The collector is an
important component for the TIPV converter, which should
have high optical transparency to ensure that photons are
absorbed by the PV cell and low work function to ensure the
high voltage output of the TIG [4-7]. The possible transparent
collectors include very thin metallic layers on sappire [8—10],
metallic grids, low work function transparent conducting
oxides [9, 10], or negative electron affinity semiconductor
[11-13]. Although some metals with relatively low work
functions have been explored, such as LaB¢ heterostructure,
whose work function is around 2-3 eV [14], most metal

materials have disadvantages of low optical transmittance in
the range of 20%—40% [15]. Exploring the collector with high
optical transmittance and low work function is a main chal-
lenge for TIPV converters. The application of graphene offers
an alternative way to overcome such problems. The optical
transmittance of single-layer graphene can reach up to
97%-98% and the reflectance of graphene is less than 0.1%
[8-10]. The work function of graphene can be adjusted
[11-13] and has been reduced to 1.69 eV [16].

As a solid state heat engine, the TIG can directly convert
a part of heat into electric energy without moving parts. It is
mainly composed of a high temperature emitter and a low
temperature collector separated by a vacuum gap [8, 9]. The
development of the TIG is obstructed by highly operating
temperatures and the high work function of practical materials
[1]. Owing to the excellent performances of graphene, it may
be a suitable candidate for the electrode materials of the TIG.
Liang and Ang [17] studied the thermionic emission from
singly-layer graphene and explored monolayer graphene as
the cathode material of the TIG. Zhang et al [18] optimized
the concentrated solar TIG with monolayer graphene-based
emitter and the results showed that the performance of the
TIG with the graphene-based cathode is better than that of the
TIG with the metallic cathode. A prototype TIG was
demonstrated by Yuan et al [16] to use firstly back-gated
graphene anode and reduced the work function of graphene
from 1.85to 1.69eV. Furthermore, Yuan et al [19] first
experimentally achieved graphene with ultra-low work func-
tions near 1 eV via the approaches of electrostatic gating and
Cs/O surface coating. The pervious works indicated that
graphene may be a suitable material for the collector of the
TIPV converter.

The rest of this paper is organized as follows. In
section 2, an updated model of the TIPV converter with a
graphene-based anode is established. The structure and
working principle of the model are briefly described. In
section 3, we obtain the expressions of the power output and
efficiency of the converter. In section 4, numerical studies are
carried out so that the optimally operating regions of several
critical parameters and the maximum power output density
and efficiency are determined. The performance character-
istics between the TIPV converters with the graphene-based
anode and the metallic anode [1] are compared. The conclu-
sions are given in section 5.

2. An updated model of the TIPV converter

Figure 1 schematically shows a TIPV converter consisting of
four elements: an emitter, a graphene-based collector, a filter,
and a TPV cell. Although figure 1 is similar to the schematic
of the TIPV converter proposed by Datas [1], a graphene-
based collector is used to replace the metallic anode in [1] and
a filter is placed between the collector and the TPV cell. In
figure 1, the emitter is made of metallic material and heated to
a sufficiently high temperature to radiate photons and high-
energy electrons. The emitter and the collector are separated
by a vacuum gap. The emitted electrons with high-enough
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Figure 1. The schematic diagram of a TIPV converter.

energy can overcome the potential barrier and over the
vacuum gap. The TIG utilizes a single-layer graphene as the
collector material. The collector captures these electrons,
which are transmitted to the emitter through the external load.
The electron transfer in the TIG is not affected by the filter
placed between the anode and the PV cell. In reality, the
selective filter can be implemented by various approaches,
and filters may be sometimes attached on top of the TPV to
save space [20]. Metallic meshes is the original filter, such as
2D periodic copper grid arrays with square, circular-loop, and
cross apertures on thin dielectric films [21]. The cascaded
inhomogeneous dielectric substrates are considered as the
most promising candidates for optical filter [22], such as 1D
Si/SiO, photonic crystals [22] and 1D metallic-dielectric
(Ag/Si0,) photonic crystal [23], and the performance of TPV
can be significantly improved [22]. It is noted that the gra-
phene-based anode including the silicon dioxide (SiO,) layer
has favorable optical properties for light transmission.
Thus, the optical selection is implemented by the energy filter.
The emitted photons flow through the transparent graphene
layer and SiO, layer. Those photons with energies above the
cut off energy E, traverse through the filter, and the TPV cell
converts the photons with energy greater than the band gap
(E,) of the TPV into electricity, whereas the photons with
energies below the cut-off energy E, are reflected by the
filter and absorbed by the emitter. The circuits of the TIG and
TPV cell are connected independently. In figure 1, V| and V,
are the voltage outputs of the TIG and TPV cell, and 7, and T,
represent the temperatures of the emitter and the TPV cell.
For simplification, it is assumed that the graphene-based
collector and the TPV cell are at the same temperature.
Because of the low temperature and high thermal conductivity
of graphene [24], the lateral conduction through a single
graphene layer is not considered by assuming that the gra-
phene layer has a uniform temperature distribution.

3. The power output density and efficiency

The electron state of the graphene is described by a two-
component wave function. In the low-energy regime, the

energy dispersion of the parallel component exhibits
E, = fivs|k,|, while that of the normal component takes the
form of E, = ﬁzkf /(2m), where vy is the velocity of massless
Dirac fermions [17, 18, 25-28], k, and k, are, respectively,
the wave vectors of parallel and normal components, 7
denotes the reduced Planck constant, and m denotes the mass
of an electron.

The number of electron states per unit cell with the
parallel energy between E, and E, + dE, and the normal
energy between E, and E, 4+ dE, can be derived as [17, 28]

E
E,, E.)dE,dE, = P / dE,dE,, 1
p( P ) 2 ZWZﬁSVf E ( )

where the spin degeneracy of electron is set to be equal to 2.
The occupation probability of an electron state with the total
energy E is described by the Fermi—Dirac (FD) distribution
function fir (E) = {1 + exp[(E — u)/(kgT.)1}"!, where kg
is the Boltzmann constant, and p is the chemical potential.

The number of electrons flowing out of the graphene
plane with the parallel energy between E, and E, 4 dE, and
the normal energy between E, and E, + dE, per unit area and
per unit time is given by

p(Epy E)fipy (E)WdE,dE, = — L f (E)dE,dE,, (2)

2120 32

where v, = {J2E,/m is the velocity of electron along the
direction perpendicular to the graphene plane. By using
equation (2), the current density of electrons with the normal
energy between E, and E, + dE, is given by

N (E,)dE, = W%[w Edfip (E)AE

_ (ks T)*dE,

b ®

where f,(Z)) = F(l)f 1+z dx is the Fermi integral, I"(/)

is the Gamma function, and Zl = e E-m/kT,

Therefore, the current density of the electrons from the
collector emitting along the direction perpendicular to the
graphene plane is expressed as

(ksT.)*

o= [ N =5 S5

e[ hepaE. @

where e is the elementary positive charge, and ¢, is the work
function of the collector.

The current density emitted from the emitter at temper-
ature T, is given by the Richardson—Dushman equation [17],
ie.

J, = A*T? exp(-¢, /kpT,), o)

where A* = drmkge/h® ~ 120 A cm 2 K? is Richardson’s
constant. ¢, is the work function of the emitter. When the
space charge effect in the vacuum gap is ignored and the
potential distribution is assumed to be flat, the voltage output
of the TIG can be defined as Vi = (¢, — ¢.)/e. Generally,
with the space charge effect, the voltage output is defined as
the difference of the electrodes’ Fermi levels [29]. In the
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presence of the space charge effect, . and ¢, in equations (4)
and (5) should be conceived as the differences between the
potential maximum in the gap and the Fermi levels of elec-
trodes, respectively. By ignoring the space charge effect and
the positive ion emission from the emitter, the net current
density of the ideal TIG can be expressed as

Jnic =Jo — Jg- (6)

To evaluate the performance of the TIPV converter, we
adopt the following assumptions: The cell runs at the radiative
limit, where the radiative recombination is the only loss
mechanism; the photons with energy greater than the band
gap E, of the PV cell are absorbed by the PV cell and con-
verted into electrical energy [30, 31]. Thus, the net current
density of the TPV cell can be expressed as [1, 3, 32-36]

00 2
_ 2me f E JdE
h3e?|JE, explE/ksT,] — 1

0 2
— E dE], @)
E, expl(E — eV2) /kgT] — 1

JtpV

where V; is the voltage output of the TPV cell.

According to equations (6) and (7), the power output
densities Prig and Prpy of the TIG and TPV cell are,
respectively, given by

Pric = jTIG Vi (8)
and
Prpy = jTPV Va. ©)]

The power output density of the TIPV converter can be
expressed as

P = P11 + Prpv. (10)

The net energy flux Q, carried by the electron flux in the
TIG and the net energy flux Q,, of photon flux absorbed by the
TPV cell are given by [1, 32, 35]

Q. =Jj. (@ + 2kgT.) — j, (o, + 2kgTr) an
and
s o0 E3
O =152 [fE explE/ksT,] — 1
3
- [ E dE| (12
E, expl(E — eV2) /kpT:] — 1

In equation (12), the first term represents the energy flux
of the photons flowing out of the emitter through the filter,
and the second term represents the energy flux from the PV
cell because of the radiative recombination. Based on
equations (10)—(12), the efficiency of the TIPV converter may
be expressed as

n="P/(Qc+ On). 13)

Figure 2. 3D graph of the efficiency 7 of the TIPV converter varying
with voltages V| and V5.

Figure 3. 3D graph of the power output density P of the TIPV
converter varying with voltages V; and V5.

When the TIG is not coupled with the TPV cell and is an
individual device, the emitter of the TIG also emits electrons
and photons simultaneously. In such a case, the net energy
flux of photons Q, emitted from the emitter in the isolated
TIG is written as [32, 37, 38]

00 3
Q;: _ 27 f E dE
h3e?|JEe. explE/ksT,] — 1

0 E3
—f dE|,
0 explE/kgT] — 1

The second term expresses the energy flux resulting from
the thermal radiation of the collector. In the single TIG, the
total energy output density of the emitter should be Q, + Q,
while the power output density is the same as that of the TIG

(14)
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Figure 4. The optimal curves of the efficiency and power output density varying with voltages (a) V; and (b) V5.

in the coupling system. Thus, the efficiency of the single TIG
may be defined as

N = Pric/(Qe + Op).

When the TPV cell is a separate device, the ideal heat
emitter that only radiates photons is usually used [31, 34-37].
In the single TPV cell, the total energy output density of the
emitter is Q;, and the power output density is the same as that
of the TPV cell in the coupling system. Thus, the efficiency of
the single TPV cell may be defined as

15)

NItpv = PTPV/Qh~ (16)

4. Results and discussions

In the following discussion, parameters 7, = 1500K,
1. = 300K, ¢, = 2.3¢eV, and E. = E, = 0.7 eV are chosen.
These parameters remain the same unless otherwise stated. It
is worth noting that the value of ¢, is given and the value of ¢,
is determined by ¢, and V;. When the power density and the
efficiency attain their respective maxima, one can determine
the optimum values of V; and the corresponding values of ¢,..
By using equations (13), (15) and (16), one can plot the three
dimensional graphs of the efficiency and the power output
density of the TIPV converter versus the voltages V; and V3, as
shown in figures 2 and 3, respectively. Figure 2 shows that
there exists a maximum value 7, of the efficiency n when V
and V, attain some certain values, which are referred to as
their respective optimum values and represented by V7 and
V. According to the optimal value of V;, the work function of
graphene is required to be lower than 1 eV. Thus, one should
do one’s best to reduce the work function of graphene to
satisfy the optimal design of TIPV converters. The maximum
power density P« and the corresponding optimum voltages
VP and V{ can be observed in figure 3.

In order to clearly illustrate the effects of each voltage on
the performance of the TIPV converter, the optimal curves of
the power output density and efficiency varying with (a) V|
and (b) V, are shown in figure 4, where V, and V| has been,
respectively, optimized in (a) and (b). Figure 4 shows more
clearly that V¥ < V7 and V; < V;.. According to figure 4, we
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Figure 5. The optimal curve of the power output density varying
with the efficiency.
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Figure 6. The optimal curves of the maximum efficiency and power
output density of the TIPV converter varying with the band gap
energy E,, where the voltages V| and V, have been optimized.

can further obtain the characteristic curves between the effi-
ciency and the power output density for the given values of
other parameters, as shown in figure 5, where 7, is the effi-
ciency corresponding to the maximum power output density

and B, is the power output density corresponding to the



Phys. Scr. 95 (2020) 035208

1.90

(@) "
1.88+ v_‘ N\

;1'86_.

N

N84

1.821
éE 1

1.804-22 ‘
0.4 0.8 1.0

0.6
E, (eV)

W Li et al
0.8 )
7 7
VZ\ ..,.""“

0.6
> Y
~— VF’
> 04 1

0'27§Eg,.u ‘ .

0.4 0.8 1.0

06
E, (eV)

Figure 7. The curves of voltages (a) V; and (b) V; varying with the band gap energy E,.

maximum efficiency. Figure 5 shows that the optimum ranges
of P and 7 should be

Pr; <P< Pmax (17)

and

My < NS My (18)

Figure 5 indicates that the state of By, is very close to
that of .. That is to say, the optimally operating region of
the TIPV converter is very small. In the design of practical
devices, one should pay special attention to this problem to
avoid the operation state falling in the non-optimized region.
To clarify the advantages of the TIPV converter with a gra-
phene-based anode, the optimum characteristic curve between
7 and P of the TIPV converter utilizing a metal anode with
the same work function is also plotted, as shown by the
dashed dot curve in figure 5. For the TIPV converter with a
metal anode, j, in equation (11) is replaced by the analog of
equation (5) for 7. and .. It is found from the curves in
figure 5 that in the optimal region of the TIPV converter, the
performance of the TIPV converter with a graphene-based
anode is obviously better than that with a metal anode.

It is worth noting that the optimal performance of the
TIPV converter closely relies on the band gap energy E, and
the cut-off energy E.. For two limit cases of E, = 0 and
E. = E,, figure 6 shows the curves of the maximum effi-
ciency 0, varying with E, where the voltages Vi and V,
have been optimized. When E, = 0, the filter loses its role
and all photons will go through the filter. When E,. = E,, the
photons through the filter are not smaller than the band gap E,
of the PV cell and will be absorbed by the PV cell to convert
into electrical energy. The photons with energies below E, are
reflected by the filter and absorbed by the emitter. The
spectral selectivity is implemented through the use of the
energy filter, which can efficiently mitigate the photon
absorption losses. It is seen from equation (12) that the heat
flow Q; absorbed by the photon flux in the TPV cell mono-
tonically decreases as E, increases, so that n,, . is a mono-
tonically increasing function of E. When E.= E,, the
performance of the TIPV converter is best. It shows clearly
that the use of a filter can effectively enhance the maximum
efficiency of the TIPV converter. It is observed from figure 6
that when E. = E,, 1., 1S a monotonically increasing func-
tion of E, It is found from equations (6)-(10) that P is

08
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Figure 8. The maximum efficiency of the TIPV converter as a
function of the emitter temperature 7;. The dash and dot curves
indicate the maximum efficiencies of the TIG and TPV cell operating
at the same emitter temperatures.

determined by E,. Thus, By as a function of E, is also
indicated in figure 6. With the increase of E,, the amount of
the absorbed photons is reduced, which leads to the decrease
of the short circuit current. However, the open circuit voltage
is enhanced as E, increases. As a result, Fp, is not a
monotonic function of E,. When E, < E, p, both 7. and
Frax decrease simultaneously with the decrease of E,. Thus,
the optimal region of E, should be
E, > E, p. 19)

The four parameters V{", V/, V¥, and V' obtained from
figure 4 are dependent on E,. Figure 7 further shows these
parameters as functions of E,. To make the TIPV converter
operate in the optimum regions mentioned by equations (17)
and (18), the voltage outputs V| and V, must be controlled in
the optimal regions described by the following equations, i.e.

vi<vigy)! (20)

and

Vi < V<V 21
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Figure 9. The maximum power output density of the TIPV converter
as a function of the emitter temperature 7;. The dash and dot curves
indicate the maximum power output density of the single TIG and
TPV cell operating at the same emitter temperatures.

Obviously, V;* and V" are the lower and upper bounds
of the optimized voltage V;, and V> ¥ and V5" are the lower and
upper bounds of the optimized voltage V5.

For the purpose of illustrating the advantages of the TIPV
converter, the optimal performances of the TIPV converter,
TIG, and TPV cell under the differently operating conditions
are further compared. Figures 8 and 9 show the maximum
efficiencies and power output densities of the TIPV converter,
TIG, and TPV cell operating at different emitter temperatures,
where V| and V> have been optimized. It is observed from
figures 8 and 9 that at low temperatures below 1200 K, B« of
the TIPV converter are close to those of the TPV cell, because
the electron flux in the coupling device is small. The TIPV
converter is not obvious superior to the TPV cell. At high
temperatures over 2200 K, By, and 7, of the TIPV con-
verter are close to those of the TIG, because the electric
current generated by the emitted electrons is much larger than
that generated by the emitted photons. The TIPV converter is
not obvious superior to the TIG. For the temperature range of
1200-2200 K, By« and 7., of the TIPV converter are sig-
nificantly greater than those of the TIG or TPV cell operating
at the same emitter temperatures. This shows clearly that only
at the suitable temperatures mentioned above, especially for
the temperature of about 1300-1900 K, it is meaningful to
design the TIPV converters. In addition, comparing figures 8
and 9 with figures 5 and 2 in [1], respectively, one can find
that the optimal power output density and efficiency obtained
by the TIPV converter with a graphene-based anode drama-
tically exceed those with a metal anode [1].

5. Conclusions

We have updated the model of a TIPV converter by replacing
a metal anode with a graphene-based anode and optimized the
systemic performance. Some significant results achieved are
listed as follows.

(i) The maximum power output density and efficiency of
the TIPV converter are calculated. The optimally
working regions of the TIPV converter are determined.

(i1) The use of a filter can effectively enhance the maximum
efficiency of the TIPV converter.

(iii) The characteristic curves of n and P of the TIPV
converter with a graphene-based anode are compared
with those with a metal anode [1]. Results show that the
performance of the former is obviously superior to that
of the latter.

(iv) In the temperature range of 1300-1900 K, Fy.x and .
of the TIPV converter are significantly greater than
those of the TIG or TPV cell operating at the same
emitter temperatures.

(v) The optimal performance of the TIPV converter relies
on the band gap energy of the cell. The semiconductor
materials with the band gap energy below E, p are not
suitable for TIPV converters.
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